Acute myeloid leukemia (AML) is a malignant hematological disease in which nearly half have normal cytogenetics. We have tried to find some significant molecular markers for this part of the cytogenetic normal AML, which hopes to provide a benefit for the diagnosis, molecular typing and prognosis prediction of AML patients. In the present study, we calculated and compared the gene expression profiles of cytogenetically normal acute myeloid leukemia (CN-AML) patients in database of The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO) and dataset Vizome (a total of 632 CN-AML samples), and we have demonstrated a correlation between PDE7B gene and CN-AML. Then we proceeded to a survival analysis and prognostic risk analysis between the expression levels of PDE7B gene and CN-AML patients. The result showed that the event-free survival (EFS) and overall survival (OS) were significantly shorter in CN-AML patients with high PDE7B levels in each dataset. And we detected a significantly higher expression level of PDE7B in the leukemia stem cell (LSC) positive group. The Cox proportional hazards regression model showed that PDE7B is an independent risk predictor for CN-AML. All results indicate that PDE7B is an unfavorable prognostic factor for CN-AML.
With the continuous development of precision medicine, it has enriched the treatment of AML. However, even with high-dose combination chemotherapy and hematopoietic stem cell transplantation, the recurrence rate of AML is still high and the 5-year overall survival rate is less than 40% 8 . Although cytogenetic examination is important for patient outcomes and the choice of individualized treatment regimens 9 , while nearly half of AML patients lack clonal chromosomal abnormalities 10 and it may not be effective for this subset of patients. Therefore, it is necessary to find more potential biomarkers for prognosis prediction and treatment of AML patients with normal cytogenetic.
PDE7B is a phosphodiesterase (PDE) with high affinity and specificity for cAMP (cyclic adenosine monophosphate), which reduces intracellular cAMP concentration by hydrolysis 11, 12 . A number of studies have shown that PDE7B may play a role in a variety of central nervous system diseases by affecting cAMP levels, and found that PDE7B may be involved in dopaminergic signaling in striatal neurons and play a key role in memory function 11, [13] [14] [15] . PDE7B also has been found to have prognostic significance in a variety of cancers, such as chronic lymphocytic leukemia (CLL, high expression level of PDE7B acts as a bad prognostic factor) 16 , mantle cell lymphoma (high expression level of PDE7B is a poor prognostic indicator) 17 , glioblastoma (high expression level of PDE7B has a worse prognosis) 18 and breast cancer (high expression level of PDE7B predicts poor prognosis) 19 . In addition, PDE7B is overexpressed in glioblastoma and serves as an important cell growth medium 18 . cAMP promotes growth arrest and/or apoptosis of various types of lymphoma, particularly CLL, and PDE7 inhibitors can increase cAMP concentration and kill CLL cells 20, 21 , which is suggesting that PDE7B may act as a therapeutic target in CLL. Intracellular cAMP levels are critical for the differentiation of leukemia cells 22 , which shows the potential of PDE7B as a cAMP-specific hydrolase in the prognostic significance and treatment of leukemia, including AML.
However, there have been no reports to date on the expression of PDE7B in AML patients and its relationship with the prognosis of AML patients. Therefore, we investigated the expression level of PDE7B in CN-AML patients and systematically analyzed its relationship with the prognosis of CN-AML patients. As the results presented in our research, we found that CN-AML patients with high expression of PDE7B had shorter survival times, suggesting that the PDE7B gene is an unfavorable prognostic marker for CN-AML.
Results
High expression level of PDE7B is a poor prognostic marker for CN-AML patients. We performed a survival analysis of 75 CN-AML patients from the TCGA database and found that EFS (P = 0.00016, Log-rank test, Fig. 1 ) and OS (P < 0.0001, Log-rank test, Fig. 1 ) were significantly lower in the high expression level of PDE7B group than in the low level PDE7B group. The expression levels of PDE7B between the high group and low group was shown ( Supplementary Fig. 1 ). We also analyzed the OS time of CN-AML patients from several subsets of another database GSE. The results showed that the OS time of the low expression level of PDE7B group in the datasets GSE12417 U133B (162 patients, P < 0.0001, Log-rank test, Fig. 2A Fig. 2A,B ). We also validated the data from a recently published study and obtained similar results. The OS time of 396 AML patients (P < 0.0001, Log-rank test, Supplementary Fig. 3A left) and 203 CN-AML patients (P < 0.0001, Log-rank test, Supplementary Fig. 3A right) with high level PDE7B was significantly lower than that of low level PDE7B. And the expression level of PDE7B was shown (396 AML samples on the left and 203 CN-AML samples on the right, Supplementary Fig. 3B ).
Prognostic significance of PDE7B level in AML patients after treatment. In the TCGA database, 67 AML patients who had received Allo-HSCT were included. The result was that a significant prolongation of Fig. 3A ). We also tested another group of 92 AML patients who had received chemotherapy in the TCGA database, and the results were similar to the previous ones. The EFS time (P < 0.0001, Log-rank test, Fig. 3B ) and OS time (P = 0.0021, Log-rank test, Fig. 3B ) of AML patients who had received chemotherapy in the low expression level of PDE7B group were significantly longer than the high level PDE7B group. The expression levels of PDE7B between the high group and low group was also shown ( Supplementary Fig. 2C ).
The relationship between the gene expression level of PDE7B and leukemia stem cells.
Leukemia stem cell (LSC) play an important role in the occurrence and development of AML, and CD34 + and CD38 − are the surface molecular phenotype of LSCs. To investigate the association between gene expression levels of PDE7B and leukemia stem cells, 227 samples from dataset GSE76004 were included in the study. As a result, the gene expression levels of PDE7B were significantly different in four different combinations based on CD34 +/− and CD38 +/− (P = 8.4e-05, ANOVA test, Fig. 4A ). Specifically, the gene expression level of PDE7B which compared to the average level was significantly reduced in the CD34 − /CD38 − group, and was significantly increased in the CD34 + /CD38 + group, while there was no significant difference in CD34 − /CD38 + group and CD34 + /CD38 − group. The gene expression level of PDE7B in the LSC positive group was significantly higher than that in the LSC negative group (P = 0.00036, unpaired t test, two sided, Fig. 4B ).
Baseline characteristics of 75 CN-AML patients in the TCGA database according to the level of PDE7B. First, we divided 75 CN-AML patients from the TCGA database into PDE7B high group (40 patients) and PDE7B low group (35 patients) according to the expression level of PDE7B. Then, the difference of the baseline characteristics of CN-AML between the PDE7B high group and the PDE7B low group were analyzed. White blood cell (WBC) counts were significantly higher in the PDE7B high group than in the PDE7B low group (P = 0.008, unpaired t test, two sided, Supplementary Table 1 ). And the three groups (wild type, mutation, and unknown) of www.nature.com/scientificreports www.nature.com/scientificreports/ the IDH1 (isocitrate dehydrogenase 1) gene were significantly different between the PDE7B high group and the PDE7B low group (P = 0.01, Fisher's exact test, Supplementary Table 1 ). We also investigated other AML-related mutant genes including DNMT3A (DNA methyltransferase 3A, P = 0.097, Fisher's exact test, Supplementary www.nature.com/scientificreports www.nature.com/scientificreports/ 1.9815-11.7273, P = 0.0005, Cox regression analysis, Table 1 ) and OS (HR: 4.2915, 95% CI: 1.7509-10.5182, P = 0.00145, Cox regression analysis, Table 1 ) between the PDE7B high expression group and PDE7B low expression group, it was showed that the PDE7B gene is an independent and unfavorable prognostic factor for CN-AML patients. The results also showed age (OS, HR: 2.8295, 95% CI: 1.3241-6.0462, P = 0.0072, Cox regression analysis, Table 1 ), DNMT3A (EFS, HR: 2.9058, 95% CI: 1.0958-4.3527, P = 0.0264, Cox regression analysis; OS, HR: 2.184, 95% CI: 1.3241-6.0462, P = 0.0072, Cox regression analysis, Table 1 ) and FLT3 (EFS, HR: 3.9216, 95% CI: 1.6126-9.5366, P = 0.0025, Cox regression analysis, Table 1 ) were also high risk factors for CN-AML, while NPM1 (EFS, HR: 0.376, 95% CI: 0.1426-0.9915, P = 0.0480, Cox regression analysis, Table 1 ) and NRAS (OS, HR: 0.1777, 95% CI: 0.0340-0.9282, P = 0.0405, Cox regression analysis, Table 1 ) may predict a better prognosis for CN-AML patients. BM-BLAST, WBC, PB-BLAST, TET2, IDH2, IDH1, RUNX1, WT1, CEBPA, PTPN11 and KRAS were not found to differ significantly in our study.
Discussion
In 2000, J. M. Hetman et al. first systematically described PDE7B and identified it as a member of the PDE7 family with high affinity and specificity for cAMP 23 . In 2008, it has been reported that the expression of PDE7B was increased in CLL cells 20 . Subsequently, they had found that the PDE7B mRNA level of CLL patients was 9 times higher than that of the normal control group, and the median time-to-treatment (TTT) was shortened by several years compared with the low level PDE7B mRNA 16 . And then it has been suggested that cAMP can inhibit the growth of various types of lymphoma (especially CLL), while PDE7 inhibitors (nonselective for PDE7A and PDE7B) can kill CLL cells by increasing cAMP concentration, which may be a useful treatment for such www.nature.com/scientificreports www.nature.com/scientificreports/ diseases 21 . cAMP is an important second messenger in cell signaling, and intracellular cAMP levels are critical for the maturation and differentiation of leukemia cells 22 . Moreover, it was also found that elevated levels of cAMP lead to arrest of G1 phase in acute promyelocytic leukemia cells 24 . Therefore, it is not difficult to speculate that PDE7B, as a specific hydrolase of cAMP, may play an important role in the development of leukemia cells by regulating the concentration of cAMP.
AML is a type of malignant hematological disease originating from hematopoietic progenitor cells, nearly half of which is CN-AML. And more and more mutant genes have been found to contribute to the diagnosis and prognosis prediction of CN-AML patients. In the present study, we calculated and compared the gene expression profiles of CN-AML patients in multiple datasets, followed by survival analysis and prognostic risk analysis. And we have demonstrated a correlation between PDE7B gene and AML. The correlation is shown in the following points. 1) PDE7B is an independent prognostic predictor of CN-AML patients. 2) high expression level of PDE7B predicts a shorter survival time in either CN-AML patients or AML patients who have received Allo-HSCT or chemotherapy. 3) PDE7B is high expressed in LSC positive group and CD34 + /CD38 + group.
LSCs are a group of tumor stem cells that have the ability to self-renew and produce heterogeneous leukemia cell populations. LSCs are an important cause of leukemia recurrence after different treatment regimens. And numerous studies have shown that LSC may be a new therapeutic target for hematological tumors 25, 26 . As showed in our results, we compared the difference in the expression level of PDE7B between the LSC positive group and the LSC negative group and found that it was higher in the LSC positive group. It is currently accepted that CD34 + /CD38 − is a molecular phenotype of the LSC 27 . In addition, acute leukemia is partially composed of immature progenitor cells with undetermined lineage 25 , and CD34 + /CD38 + is a surface marker of hematopoietic progenitor cells 28 . Our results showed that the expression level of PDE7B gene was significantly elevated in the CD34 + /CD38 + group. CD34 − /CD38 − identifies differentiated mature cells in which PDE7B expression is reduced. As mentioned earlier, PDE7B is a specific hydrolase for cAMP which is critical for leukemia cell differentiation. So that might explain why PDE7B is higher in the CD34 + /CD38 + group and lower in the CD34 − / CD38 − group. Therefore, we can speculate that high expression of PDE7B may lead to a decrease in intracellular cAMP levels, which in turn prevents leukemia cells from further differentiation and maturation. In short, high levels of PDE7B may favor LSCs and produce a poor prognosis for AML.
Although genetic alterations are an important part of the pathogenesis of AML, many of the mutant genes (such as DNMT3A, FLT3, CEBPA, NPM1, TET2, IDH1, IDH2 etc.) which have been identified in recent years have contributed a lot to it. It is especially important for the diagnosis, prognosis prediction and targeted therapy of CN-AML patients. In our Cox proportional hazards regression model, we have calculated many AML-associated mutant genes and found that DNMT3A and FLT3 are high risk factors for CN-AML patients (HR > 1, P < 0.05), while NPM1 and NRAS are favorable genes (HR < 1, P < 0.05), and the PDE7B gene is the most significant one (unfavorable gene) by comparing the P value. In addition, we analyzed the relationship between those mutant genes and the expression level of PDE7B, and found that the three states (wild type, mutantion, and unknown) of IDH1 gene are significant difference between the PDE7B high group and the PDE7B low group.
Althoug our study have demonstrated that high level of PDE7B gene indicates poor prognosis in CN-AML patients. The mechanism of action of PDE7B in CN-AML is not clear and we just speculated that it may play a www.nature.com/scientificreports www.nature.com/scientificreports/ role by affecting the concentration of cAMP in CN-AML. In addition, how the PDE7B gene regulates LSC is also unknown. In general, more in-depth and sophisticated research needs to be done in the next step.
In conclusion, we found in our study that PDE7B gene is an independent prognostic predictor of CN-AML, and that high expression level of PDE7B gene is an unfavorable prognostic factor for CN-AML. The high expression of PDE7B gene has a significant correlation with leukemia stem cells. Anyway, this study reflects the potential and prospects of the PDE7B gene in the prognosis, targeted therapy, and risk stratification of AML patients.
Methods
Data sources. By performing the survival analysis of each gene with the data of gene expression and EFS (and OS) from The Cancer Genome Atlas (TCGA) CN-AML samples, the P value and hazard ratio (HR) of each gene were calculated. The PDE7B gene was in the top position by ranking the P value of each gene. Subsequently, we further analyzed the relationship between PDE7B expression levels and survival time of CN-AML patients, including TCGA (75 CN-AML samples), GSE12417 29 U133B (162 CN-AML samples), GSE71014 30 (104 CN-AML samples), GSE22778 31 GPL8653 (54 CN-AML samples) GSE22778, GPL10107 (34 CN-AML samples), and a recently published study (203 CN-AML samples, http://www.vizome.org/) 32 . To understand the relationship between the expression level of PDE7B and the prognosis of patients with treated AML, we collected 67 AML samples who had received allogeneic hematopoietic stem cell transplantation (Allo-HSCT) and 92 AML samples who had received chemotherapy from the database TCGA and compared their survival time between the high expression level of PDE7B and the low level PDE7B group. Event-free survival time (EFS) was defined as from registration to death (for any reason), disease progression or recurrence, or last contact. Overall survival time (OS) was defined as from registration to death (for any reason) or last contact. And the expression levels of PDE7B under four molecular groups in GSE76004 33 (227 samples from 78 AML patients were divided into CD34 − /CD38 − group, CD34 − /CD38 + group, CD34 + /CD38 − group and CD34 + /CD38 + group) were compared. In addition, samples in this dataset were classified according to LSC positive (138 samples) or LSC negative (89 samples), and the difference in expression of PDE7B between the two groups was compared. The study complies with the Helsinki Declaration.
Expression analysis of PDE7B gene.
We calculated the gene expression with the robust multiarray averaging (RMA) algorithm in the GEO database and detected the gene expression with RPKM from the RNA-seq datas in the TCGA database. The value of PDE7B gene expression was log transformed (log2). We used maximally selected rank statistics algorithm from survminer package to divide the test samples in each dataset into PDE7B high expression group and PDE7B low expression group.
Statistics. Statistical analysis used R software v3.1.3 (ggplot2 and survminer package). Measurement data between the two groups were analyzed by unpaired t test (such as the difference of PDE7B expression between LSC positive group and LSC negative group), and multiple groups were tested by ANOVA test (such as the difference of PDE7B expression in different molecular types). Fisher's exact test was used to analyze the numeration data (such as the deference of some baseline features of AML between high expression level of PDE7B and low level PDE7B). Kaplan-Meier survival curves and Log-rank test were used for survival analysis in AML patients. The Cox proportional hazards regression model for multivariate analysis was used to analyze the prognosis of multivariates associated with CN-AML. In any case, P < 0.05 was considered statistically significant.
